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HIGHLIGHTS 


►  Fiber-like  PBCO  phase  forms  percolative  electronic  conducting  network  in  SDC— PBCO  dual-phase  membrane. 

►  The  threshold  forming  percolative  network  can  be  decreased  to  20  vol.%  for  PBCO  in  SDC— PBCO  membrane. 

►  The  SDC— PBCO  (8/2  in  vol.)  dual-phase  membrane  exhibits  high  oxygen  permeability. 
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Dual-phase  oxygen  permeation  membrane  has  become  much  attractive  due  to  its  tailorable  properties. 
On  the  premise  of  forming  percolative  network  separately,  decreasing  the  volume  percentage  of  elec¬ 
tronic  conducting  phase  can  increase  the  oxygen  permeability  of  dual-phase  membrane.  However,  the 
conventional  ceramic  route  limits  the  decrease  in  threshold  of  the  content  of  electronic  conducting 
phase.  In  this  work,  a  coating  strategy  is  employed  to  fabricate  a  novel  dual-phase  membrane  with 
20  vol.%  PrBaCo205+§  (PBCO)  dispersing  in  80  vol.%  Ce0.8Sm0.2O2-5  (SDC)  matrix,  where  the  fiber-shaped 
PBCO  forms  percolative  network  and  provides  sufficient  electronic  conductivity.  The  prepared  SDC-PBCO 
membrane  with  1  mm  thickness  exhibits  very  high  oxygen  permeability,  3.81  x  10-7  mol  cm-2  s-1  at 
940  °C,  due  to  the  high  volume  percentage  of  SDC.  This  preparation  strategy  can  be  applied  to  other  dual¬ 
phase  membranes  to  improve  the  oxygen  permeation  performance. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Oxygen  permeation  membranes  have  received  considerable 
attention  due  to  their  potential  applications  in  separation  of  oxygen 
from  air,  conversion  of  natural  gas  to  syngas  and  oxy-fuel 
combustion  technique  for  CO2  capture  [1].  The  single  phase 
membranes,  conducting  both  oxygen  ions  and  electrons  in  a  same 
phase,  have  been  extensively  investigated  for  the  high  oxygen  flux 
[2].  However,  they  show  poor  structural  stability  under  reducing 
atmosphere  for  their  weak  metal-oxygen  bond,  preventing  them 
from  the  practical  applications  [3].  Dual-phase  membranes,  con¬ 
sisting  of  electronic  and  ionic  conducting  phases,  have  attracted 
much  research  interest  in  recent  years  owing  to  the  tailorable 
feature  in  chemical  composition,  microstructure  and  thus 
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performance  [4,5].  Because  the  electronic  conductivity  of  electron 
conducting  phase  is  usually  much  higher  than  the  ionic  conduc¬ 
tivity  of  oxygen  ion  conducting  phase,  the  later  becomes,  therefore, 
the  limiting  factor  for  the  oxygen  permeation  process  according  to 
Wagner  equation  [6].  Accordingly,  in  the  dual-phase  membrane  the 
oxygen  ion  conducting  phase  should  be  as  much  as  while  the 
electron  conducting  phase  as  less  as  possible  in  order  to  achieve  the 
maximization  of  oxygen  permeation  flux,  under  the  premise  of  the 
two  phases  forming  independently  percolated  network.  With  the 
conventional  ceramic  process,  i.e.  mixing— pressing-sintering 
process,  the  formed  dual-phase  membrane  commonly  has  a  struc¬ 
ture  of  random  packing  of  the  particles  of  the  two  phases.  For  this 
case,  Liu  and  Wu  [7]  reported  that  1/3  volume  fraction  of  randomly- 
distributed  phase  was  the  percolation  threshold  and  within  the 
range  1/3-2/3  the  membrane  could  achieve  percolation.  To 
decrease  the  percolation  threshold  of  electron  conducting  phase 
and  thereby  maximize  the  volume  percentage  of  the  ionic  con¬ 
ducting  phase  in  dual-phase  membrane,  it  is  required  to  design  and 
prepare  the  dual-phase  membranes  with  special  microstructure. 
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Recently,  many  efforts  were  devoted  to  develop  dual-phase 
membranes  with  magnetic  structure.  Kim  and  Lin  [8]  attempted  to 
achieve  a  special  microstructure  for  Pt-YSZ  membrane  by  impreg¬ 
nating  Pt  phase  inside  the  mesoporous  YSZ  membrane,  however,  the 
Pt  phase  was  difficult  to  form  continuous  path  inside  the  porous  YSZ 
membrane.  To  increase  the  oxygen  ion  conducting  phase  volume, 
Yang  et  al.  [9]  prepared  a  new  Lao.i5Sro.85Gao.3Feoj03_5- 
Bao.5Sr0.5Feo.2Coo.803_5  (LSGF-BSCF)  dual-phase  membrane  with 
thin  electron  conducting  BSCF  film  running  along  the  close-packed 
LSGF  grain  boundaries  via  a  conventional  ceramic  route  by 
utilizing  the  liquid  state  feature  of  BSCF  at  sintering  temperature.  In 
our  previous  study,  Ceo.8Sm0.202-5-PrBaCo205+5  (SDC-PBCO) 
composite  membrane  exhibited  great  oxygen  permeation  perfor¬ 
mance  due  to  the  high  electronic  and  ionic  conductivity  as  well  as 
the  fast  surface  exchange  of  PBCO  and  the  high  structural  stability  of 
SDC.  With  conventional  ceramic  route,  the  electronic  conducting 
phase  PBCO  could  form  percolative  path  only  when  its  volume 
percentage  was  40%,  which  limited  the  improvement  on  the 
permeation  flux  of  the  SDC-PBCO  membrane.  In  this  communica¬ 
tion,  we  report  a  novel  synthesis  route  to  prepare  a  dual-phase 


composite  with  special  microstructure,  where  the  electronic  con¬ 
ducting  phase  PBCO  with  fiber-like  shape  was  generated  and 
dispersed  along  the  ionic  conducting  SDC  particles,  forming  perco¬ 
lative  channels  for  electronic  conduction.  The  threshold  of  the 
electronic  conducting  phase  was  reduced  to  20  vol.%.  The  prepared 
SDC-PBCO  membrane  demonstrated  a  remarkable  improvement  on 
the  oxygen  permeation  flux. 

2.  Experimental 

SDC  powder  was  prepared  by  the  surfactant-assisting  method  as 
we  previously  reported  [10].  The  PBCO  precursor  was  prepared  by 
a  combined  EDTA— citrate  complexing  sol— gel  method  [11].  Briefly, 
PreOn  was  dissolved  in  HNO3  aqueous  solution,  and  then  stoi¬ 
chiometric  amounts  of  Ba(N03)2,  Co(N03)3*6H20,  EDTA  and  citric 
acid  were  added.  After  adjusting  the  pFI  value  to  ca.  8  with  the  help 
of  NF^-F^O,  the  SDC  powders  were  added  and  dispersed  by  an 
ultrasonic  stirring  for  10  min.  The  sol  was  dried  at  80  °C  with 
a  rotary  evaporator  under  reflux  condition  to  make  sure  that  the 
SDC  particle  was  in  the  precursor  matrix.  The  precalcination  for  5  h 


Fig.  1.  (a)  Schematic  illustration  of  the  novel  strategy  for  the  synthesis  of  SDC-PBCO  membrane  with  fiber-like  PBCO  phase  distributing  in  the  matrix  of  SDC  phase;  (b)  PBCO-coated 
SDC  powders,  and  the  insert  is  the  EDS  spectrum  of  the  corresponding  part  in  the  coated  particle;  (c)  back-scattered  electron  micrograph  of  the  prepared  SDC-PBCO  (8/2) 
membrane.  The  fiber-like  parts  correspond  to  PBCO  phase. 
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was  carried  out  at  300  °C  and  the  final  calcinations  for  4  h  at  850  °C 
to  form  a  nano-crystalline  PBCO  (20  vol.%)  coating  layer  on  the 
particle  surface  of  SDC.  The  resulting  products  were  compressed 
into  disk  or  bars,  and  then  sintered  in  air  at  1150  °C  for  6  h  to 
achieve  the  relative  densities  higher  than  95%. 

The  phase  identification  was  studied  with  X-ray  diffraction  by 
Cu  Ka  radiation  (XRD,  Rigaku  D/MAX-A).  Microstructures  were 
observed  by  scanning  electron  microscopy  (SEM,  LEO-1450).  The 
electrical  conductivity  was  measured  in  air  by  four-terminal  DC 
method  upon  heating  from  200  to  900  °C.  The  oxygen  permeation 
experiment  was  performed  in  a  vertical  high-temperature  gas 
permeation  cell  [12].  The  oxygen  permeation  flux  of  membranes 
(1  mm  thickness)  was  measured  during  cooling  from  940  to  825  °C 
in  an  on-line  gas  chromatography  with  synthesized  air 
(150  ml  min-1)  as  the  feed  gas  and  helium  (65.8  ml  min-1)  as  the 
sweeping  gas.  Gas-tightness  of  membrane  was  examined  by 
monitoring  nitrogen  to  make  sure  the  leakage  was  <1%. 

3.  Results  and  discussion 

A  schematic  drawing  for  the  preparation  process  of  the  SDC- 
PBCO  dual-phase  membrane  with  fiber-like  electronic  conducting 
phase  PBCO  dispersing  inside  the  ionic  conducting  phase  SDC 
matrix  is  shown  in  Fig.  la.  The  nano-crystalline  PBCO  powder  was 
coated  on  the  surface  of  large  SDC  particles  by  a  sol-gel  spin 
coating  method.  The  particle  size  of  PBCO  is  much  smaller  than 
that  of  SDC  (Fig.  lb),  which  is  necessary  to  guarantee  the  formation 
of  a  thin  layer  of  PBCO  on  the  particle  surface  of  SDC.  When  sin¬ 
tering  at  elevated  temperature,  short  bar-like  PBCO  phase  was  first 
produced  at  grain  boundaries.  With  increasing  temperature  and 
prolonging  dwelling  time,  the  fiber-like  PBCO  phase  was  formed 
and  distributed  in  the  matrix  of  SDC  (Fig.  lc).  The  fiber-like  elec¬ 
tronic  conducting  phase  forms  the  percolative  network  under 
a  very  low  volume  percentage,  ensuring  the  maximization  of  the 
oxygen  ionic  conducting  phase,  which  is  believed  to  be  beneficial 
to  the  achievement  of  a  high  oxygen  permeation  flux. 

The  XRD  patterns  of  dual-phase  membrane  sintered  at  1150  °C 
are  shown  in  Fig.  2.  All  the  peaks  can  be  well  indexed  as  fluorite  SDC 
(JCPDS  No.  75-0158)  and  double  perovskite  PBCO  (JCPDS  No. 
53-0131)  phases,  which  gives  evidence  for  the  good  chemical 
compatibility  between  the  two  phases.  The  XRD  peaks  for  SDC  are 
much  stronger  than  that  for  PBCO,  mainly  due  to  the  high  fraction 
of  this  phase  in  the  composite. 

The  electrical  conductivity  of  the  prepared  SDC-PBCO  composite 
versus  the  temperature  under  air  atmosphere  is  displayed  in  Fig.  3. 
Within  the  temperature  range  of  200-900  °C,  the  electrical 
conductivity  of  SDC-PBCO  composite  gradually  increases  with 
increasing  temperature.  It  is  well  known  that  the  electrical 
conductivity  of  SDC  is  much  lower  than  that  of  the  PBCO  phase; 
therefore,  the  considerable  conductivity  value  of  the  SDC-PBCO 
membrane  suggests  that  the  electronic  conducting  phase  has 
formed  the  percolative  channel.  It  is  worth  to  note  that  there  is 
a  transition  in  the  conductivity  at  ca.  500  °C,  above  that  the  electrical 
conductivity  exhibits  a  sharp  increase.  This  is  possibly  related  to  the 
lattice  oxygen  loss  of  PBCO  phase.  The  double  perovskite  PBCO  tends 
to  loss  lattice  oxygen  at  around  500  °C  [13],  which  leads  to  the  lattice 
expansion  and  thus  has  the  possibility  to  improve  the  contact 
between  the  fiber-like  PBCO  grains.  The  conductivity  of  SDC-PBCO 
composite  reaches  5.89  S  cm-1  at  900  °C,  which  is  sufficient  for 
counterbalancing  the  flux  of  oxygen  permeation  and  making  overall 
charge  neutrality. 

The  oxygen  permeation  flux  of  SDC-PBCO  composite  at 
different  temperatures  in  the  range  of  825-940  °C  is  presented  in 
Fig.  4.  In  our  previous  work  [14],  the  electronic  conducting  phase 
PBCO  in  SDC-PBCO  membrane  prepared  by  a  conventional 
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Fig.  2.  XRD  pattern  of  SDC-PBCO  dual-phase  membrane  sintered  at  1150  °C  for  6  h. 

ceramic  route  could  not  form  percolative  networks  when  its 
content  below  40  vol.%,  and  thus  the  membrane  SDC-PBCO  (7/3) 
showed  poor  oxygen  permeability.  The  highest  oxygen  permeation 
flux  was  achieved  with  the  membrane  (6/4),  which  is  included  in 
Fig.  4  as  comparison.  In  this  work,  the  composite  is  still  electronic 
percolating  even  the  ionic  conducting  phase  is  up  to  80  vol.%,  due 
to  the  formation  of  the  special  fiber-like  electrical  conducting 
phase.  It  is  gratifying  that  SDC-PBCO  (8/2)  membrane  demon¬ 
strates  excellent  permeability,  as  high  as  3.81  x  10-7  mol  cm-2  s-1 
at  940  °C  with  1  mm  thickness,  which  is  much  higher  than  that  of 
the  traditional  SDC-PBCO  (6/4)  membrane.  The  high  oxygen 
permeability  of  the  prepared  novel  SDC-PBCO  membrane  is 
mainly  attributed  to  both  the  larger  oxygen  ion  conducting  phase 
content  than  the  other  composites  and  the  electron  network 
forming  through  the  membrane.  In  addition,  this  novel  dual-phase 
membrane  structure  decreases  the  enwrapped  parts  by  each  other 


T  (°C) 

Fig.  3.  Temperature  dependence  of  electrical  conductivity  of  the  prepared  SDC-PBCO 
composite. 


292 


T.  Chen  et  al.  /  Journal  of  Power  Sources  223  (2013)  289-292 


Fig.  4.  Oxygen  permeation  fluxes  of  SDC-PBCO  (8/2)  membrane  prepared  by  coating 
route  as  a  function  of  temperature.  As  comparison,  the  oxygen  permeation  fluxes  of 
SDC-PBCO  (6/4)  [14]  prepared  by  conventional  ceramic  route  are  included. 

phase,  which  is  also  beneficial  to  the  oxygen  permeation  process 
[15].  The  permeation  activation  energy  of  this  novel  dual-phase 
membrane  is  about  72.4  ±  1.5  kj  mol-1,  which  is  close  to  the 
value  of  69  kj  mol-1  obtained  from  oxygen  ionic  conductivity 
measurements  on  the  SDC  ceramic  [16].  This  provides  evidence 
that  the  oxygen  permeate  process  in  the  SDC-PBCO  membrane  is 
mainly  limited  by  the  transport  of  oxygen  ions  through  the  ionic 
conducting  phase  SDC. 

4.  Conclusions 

A  novel  dual-phase  membrane  with  20  vol.%  fiber-like 
PrBaCo205+5  dispersing  in  80  vol.%  Ceo.sSmo.202-5  matrix  was 
prepared  by  a  coating  strategy,  coating  the  oxygen  ionic  conducting 
phase  with  nano-crystalline  electronic  conducting  phase  before 


pressing  and  sintering.  The  fiber-like  PBCO  phase  in  very  low 
volume  percentage  forms  percolative  network,  ensuring  the  elec¬ 
tronic  conducting  channels  through  the  dual-phase  membrane.  The 
high  volume  percentage  of  oxygen  ion  conducting  phase  SDC 
makes  the  SDC-PBCO  membrane  display  very  high  oxygen 
permeability,  3.81  x  10  7  mol  cm-2  s-1  at  940  °C.  This  strategy  can 
be  applied  to  other  dual-phase  membranes  to  improve  the  oxygen 
permeation  performance. 
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